experimentally, and the implications of this are discussed. Studies of low-energy parity nonconservation (PNC) in light nuclei have been developed to provide more reliable results on the hadron-meson weak-coupling constants which are of importance for our understanding of the quark behavior in nucleons under the influence of the fundamental interactions. These studies necessitate both very delicate experiments and very reliable nuclear structure calculations of the matrix elements for a correct extraction of the weak nucleon-meson coupling constants.
Most of the results on the experimental and theoretical PNC studies in light nuclei have been presented in the review by Adelberger and Haxton [1] . From the proposed cases during the last 25 years in light nuclei, four cases are thought to reliable for quantitative experimental and theoretical analysis. They involve parity-mixed doublets (PMD) [1] 21 Ne are so small that they impose severe constraints on the different contributions to the PNC matrix elements. These constraints combined with theoretical calculations indicate a discrepancy, which has not yet been completely resolved. Namely, if one interprets the small limit of the (experimentally) extracted PNC matrix element (< 0.029 eV) for 21 Ne as a destructive interference between the isoscalar and isovector contributions [1] , then it is difficult to understand why the isovector contribution in 18 F is so small (< 0.09 eV) and the isoscalar + isovector contribution in 19 F is relatively so large (0.40 ± 0.10). The possibility of an amplification of the isovector contribution in 21 Ne is not supported by the actual structure calculations [1] . However, recent investigations [4] indicate that, in the 21 Ne case, the isoscalar contribution is very small (if not zero) and this could provide an explanation.
Another possibility for resolving this problem is to better study the isoscalar and isovector components separately. Continuous theoretical and experimental efforts have been undertaken in this direction. The only case predominantly isoscalar (no isovector contribution) is the J π ,T 0
Study of this doublet via the 13 C( p, p) 13 C resonance scattering was proposed in 1984 [5] and preliminary experimental results were presented in Refs. [6, 7] . The theoretical description of the scattering process is under control [5, 8] and has been successfully tested for the regular observables. The predominantly isoscalar PNC matrix element (the isotensor part contributes ∼ 7%) has been calculated many times in different model spaces and with different Hamiltonians. The results vary from 1.39 eV in the ZBM (0p 1/2 ,0d 5/2 ,1s 1/2 ) model space [5] to 0.29 eV in a full 0p − 1s0d
(0+1+2)hω model space using the Kuo-Brown interaction [10] .
The aim of this paper is to provide a new analysis of the PNC matrix element in 14 N based on a new Hamiltonian recently obtained by Warburton and Brown [11] and including also 3hω and 4hω configurations. This analysis is of importance for the support of the PNC experiments in 14 N [7, 8] and to better understand how to improve the Hamiltonians for a more reliable description of the weak observables in light nuclei (A = 10-22).
In the last few years, important progress have been made in the improvement of the shell-model calculations with special emphasis on the description of the weak observables [12, 13] . Recently, two new interactions have been developed by Warburton and Brown [11] , which were designed to describe purehω states in nuclei with A=10-22. For this purpose, all of the 0hω and 1hω and two-body matrix elements for the 0p − 1s0d model space have been determined from a least squares fit to experimental binding energies. The 1s and 1f2p major shells were also included. For 16 O and 14 N, (0+2+4)hω calculations are now possible.
In the first calculations for 16 O [12] it was found that a reduction (about 3 MeV) in the gap between the 0p and 1s0d major shells is necessary in order to account to for the spectrum of 16 O. More recently [13] , it has been shown that this reduction compensates for the absent ≥ 6hω configurations. That is, as is well known, the effective interaction and effective singleparticle energies are model space dependent. Several choices for the 2hω two-body matrix elements within the 0p − 1s0d model space have been proposed, based upon the structure of the mixed (0+2+4)hω states in 16 O [13, 14] .
In order to investigate the sensitivity to various aspects of the truncation and interaction, we have carried out the PNC calculation for 14 N using wave functions obtained with a variety of assumptions. Our shell-model calculations have been performed with the shell-model code OXBASH [15] . Spurious center of mass motion is removed by the usual method [16] of adding a center of mass Hamiltonian to the interaction. The first four major shells do not provide a completely nonspurious shell-model basis when more than 2hω configurations are included.
However, the effect of this spuriosity has been found it to be negligible.
For the first calculation discussed here we have used (0+2)hω configurations for the positive-parity states and (1+3)hω configurations for the negative-parity states. The WBT interaction from Ref. [11] was used for all two-body matrix elements. In order to reproduce the energy level spectrum of 14 N (see Fig. 1 ), the 0d 5/2 single-particle energy (SPE) has been lowered by 1 MeV, the 0p 1/2 SPE increased by 2.2 MeV and the 0p 3/2 SPE increased by 0.7
MeV. These changes gives a very good spectrum for the 0 ± and 1 ± states in 14 N (see Fig.   1 ) and keeps the l · s splitting of the 0p states at a reasonable value. (It is recognized that these changes of the single-particle energies are perhaps arbitrary and not a unique method for reproducing the energy spectrum. However, below we will introduce other models and interactions.)
The PNC matrix element has been calculated in a one-body approximation. This method was pioneered by Michel [17] , and recently justified and often used for the PNC calculations [1, 18] . In this paper we have not used the one-body PNC potential derived in the Fermi gas model approximation (see Eqs. 17-20 of Ref. [1] ). Instead, we have used an exact calculation of the one-body contribution to the PNC matrix element
where OBTD denotes the one-body-transition density and
is assumed. For 14 N, an interpolation between a 12 C core and a 16 O core has been performed.
This method has been checked by comparing the one-body calculations (OB) with the full two-body (TB) calculations (see Table 1 . a and c). The OB calculations give results with a precision of 2%, at least for the components of the V P N C with the largest contribution to the matrix element, i.e.
in the isoscalar case (see Ref.
[1] for notation).
The PNC matrix elements calculated with weak-coupling constants from different quark models (see Ref. [2] for notation and references) are presented in Table 1 (a). The matrix elements were obtained using harmonic-oscillator wave functions withhω = 14.0 MeV.
(Below we will address the important issues associated with loosely-bound wave functions.)
The isotensor contribution has been calculated in the full TB approximation and is found to
give about a 7% destructive contribution to the isoscalar matrix element. In all calculations It is interesting to analyze the contributions to the PNC matrix element in order to understand the source of change when going to larger model spaces and the correlations with other calculated observables (e.g. the electromagnetic transition probabilities). It is convenient to rewrite the PNC matrix element, Eq. (1), in the following form
where α, β denotes the single-particle orbitals, ψ αβ is the one-body transition density (OBTD in Eq. (1) [15] ) and V αβ the single-particle matrix element of the one-body PNC potential (including the spin-isospin coefficient in front). The detailed contributions entering Eq. (4) are presented in Table 2 for the main component of V
∆T =0
P N C [ Eq. (3)]. The C αβ and V αβ are in MeV and they are given up to an dimensionless factor −g ρ h
depends on the quark model. A general analysis of the important contributions to PNC matrix element has been made in Ref. [1] . Our specific results for 14 N are: a.) the main contribution comes from the (αβ) = (0p 1/2 1s /2 ) amplitude in all model spaces; this is the only contribution in the ZBM model space; b.) a spreading of the strength appears going to a larger model space, the ψ 0p 1/2 1s 1/2 decreases, the effect of the other (αβ) contributions is not more than 20 % and it is constructive in all cases (the destructive contribution coming from ψ 0p 3/2 0d 3/2 is rather small); c.) the effect of the pairing forces in the destructive contribution ψ βα (to ψ αβ ) can be seen only in the ZBM (0p 1/2 ,0d 5/2 ,1s 1/2 ) and 0p − 1s0d (0+1+2+3)hω model spaces; it contributes 20% in the ZBM space and 40% in the larger (0+1+2+3)hω model space.
It was suggested in Ref. [1] that the E1 operators could behave in a similar way with respect to these destructive effects due to the fact that they are also odd under particlehole conjugation; therefore they might represent a good test for the reliability of the wave functions with respect to the axial-charge matrix elements. In Table 3 Table 4 , for the transition (0
where we have rewritten the E1 matrix element in the following form Another important way to analyse the PNC matrix element is to consider different nhω → (n ± 1)hω contributions. For such an analyses we have carried out calculations with various strong Hamiltonians and different methods to treat the effect of the higher nhω configurations. We have performed seven different calculations (see also the code labels in Table 1 ):
a -The WBT interaction [11] with the SPE modified as discussed above and with (0+1+2+3)hω configurations included.
b -Same as a except that 4hω configurations are also included for the 0 + 1 states.
c -The WBT interaction with a modified 0p − 1s0d gap (∆ǫ 0p = 0.9 MeV, ∆ǫ 1s0d = −1.1
MeV) and with (0+1+2+3)hω configurations included.
d -Same as c except that 4hω configurations are also included for the 0 + 1 states.
e -The WBP interaction [11] with shifted energies [13] (∆2hω = −6.0 MeV, ∆1hω = −1.75
MeV, ∆3hω = −7.25 MeV) and with (0+1+2+3)hω configurations included.
f -Same as e except that the Bonn potential multiplied by 0.8 has been used for 2hω 0p-1s0d cross-shell matrix elements [14] (∆2hω = −6. MeV, ∆1hω = −2.5 MeV, ∆3hω = −8.5
MeV).
g -The Millener-Kurath interaction [19] with shifted energies (∆2hω = −6.0 MeV, ∆1hω = −2.5 MeV, ∆3hω = −8.5 MeV) and with (0+1+2+3)hω configurations.
The calculated PNC matrix elements are presented in Table 1 . The corresponding spectra and the decompositions in nhω → (n ± 1)hω contributions for some of these cases are presented in Figs. 1-6 . The range of values for the DDH weak-coupling constants vary between 0.232 and 0.764 eV, with a average value of around 0.48 eV. states coming from different nhω configurations. Table 6 presents the different nhω → (n ± 1)hω contributions to the PNC matrix element (DDH weak couplings assumed). The (0 + 1) 2 state is predominantly a 2hω configuration. The 0hω configuration is small (<10%) but the 0hω -1hω contributions is rather large and opposite in sign as compared with the dominant 2hω -1hω contribution. This is in fact the main mechanism of suppression of the PNC matrix element and it is very sensitive to the 0hω content of the (0 + 1) 2 wave function.
Another important point is the sign of the 2hω → 3hω contribution. If the ψ 0p 1/2 1s 1/2 component would be dominant for every contribution in the nhω → (n±1)hω series then the sign of this contribution should be negative and the PNC matrix element would be further suppressed. However, all calculations in Table 6 give a positive sign. This result is is very sensitive to the mass dependence of the single-particle energies given by the interaction.
All models in Table 6 correctly describe the experimental SPE order for 13 C (1s 1/2 0d 5/2 ).
Another calculation with a version of the MK interaction which happened to give an opposite 0d 5/2 -1s 1/2 SPE order, gives an opposite sign for the 2hω → 3hω contribution and, as a consequence, a very small PNC matrix element (∼ 0.08 eV).
The ( Table 7 . The 0hω and 2hω contributions are opposite in sign and thus contribute destructively to the total B(M1). The 0hω contributions are not exactly proportional to the total amount of the 0hω configuration of the (0 + 1) 2 wave function. However, it is clear that the cases with a relatively higher 0hω content (b, d, f , g) give a relatively small B(M1)
value as compared with the experimental data in Table 3 . From this one may estimate approximately 3-5% 0hω content of the (0 + 1) 2 wave function and ∼ -(0.350 -0.450) eV for the 0hω -1hω contribution to the PNC matrix element.
Another ingredient which is often important for the PNC matrix element is the effect of the derivative operator (see Eq. (3)) on the tails of the single-particle wave functions (SPWF) [1] . in the case of protons and 28% for neutrons, an average of 32%.
In the end a few comments concerning the sign of the PNC observable, the longitudinal analyzing power. The sign found in the experiment [6, 7] is opposite from our calculations as well as from the initial prediction [5] . The sign of the calculated observable depends on the product signs associated with the PNC matrix element and the spectroscopic amplitudes, which describe the proton decay of the compound states in 14 N. As in the previous calculation, the dominant contribution to the PNC matrix element comes from the 1-2hω transition (see Figs. 2-3) . Moreover, the spectroscopic factors appear to be stable quantities for this case. The sign of the isoscalar PNC matrix element has an interesting history. The earliest calculations based upon the factorization approximation gave a sign which was consistently opposite to that found experimentally in the 19 F and p + p experiments [21, 22] . Later, estimates of the quark and sum-rule contributions for the nucleon-nucleon PNC interactions were added and were found to change the sign of the isoscalar PNC interaction, bringing the sign in agreement with the experiment [21, 22] . The actual sign from the 19 F experiment is not definite because it relies on calculating the correct sign for a very weak E1 matrix element. Thus we have at present three pieces of data: (a) p + p scattering which prefers the DDH sign, (b) the 19 F experiment which prefers the DDH sign but is not certain and (c) the 14 N experiment which prefers the factorization approximation. It is difficult to reconcile (a) and (c). Perhaps the reconciliation of (a) and (c) will require "in medium" modification of the isoscalar PNC weak coupling constants, but further and more accurate calculations and experiments will be needed to clarify this puzzle.
In conclusion, new calculations of the predominantly isoscalar PNC matrix element be- Table 6 The nhω → (n ± 1)hω contributions to the PNC matrix element (DDH weak couplings assumed) for various cases studies (described by code labels). Units are eV.
Code 0hω -1hω 2hω → 1hω 2hω → 3hω 3hω → 4hω 
